This paper evaluates the principal design parameters affecting the thermal performance of embedded hydronic Thermally Active Surfaces (TAS), combining the Response Surface Method (RSM) with the Finite Elements Method (FEM). The study ranks the combined effects of the parameters on the heat flux indoo½rs and heat loss outdoors of a vertical panel, and calculates an optimized solution based on the Desirability Function Approach. This study reveals a large impact of the panel thermal conductivity on the thermal performance of embedded TAS, and the experiments indicate a large potential for utilizing concrete with high thermal conductivity in embedded hydronic radiant panels.
Introduction
The governing heat transfer mechanisms in embedded hydronic TAS (Type-A) [1] are described well by the adiabatic fin heat conduction model [2] - [4] , in which three stages of heat transfer can be identified: 1) Heat transfer between the fluid and the pipe (convection); 2) Heat transfer within the solid materials (conduction); 3) Heat transfer from the surface to the conditioned space (radiation, convection and outwards conduction heat loss) [5] - [7] . Therefore, the overall efficiency of the panel as a heat exchanger depends on the heat transfer through the three stages.
The fluid inlet temperature and velocity shape the fluid temperature profile, and govern the heat transport during the first stage. Nevertheless, practical restrictions hinder further optimization of the heat transfer in this stage [1] , [7] .
The effective thermal resistance of the panel governs the panel performance in the second stage. Several factors affect this resistance: The pipe thermal resistance and diameter, the pipe spacing, the panel thermal conductivity, the panel thickness, the pipe cover thickness, the pipe location, and the panel cover among others [1] , [5] . The pipe diameter and thermal resistance significantly influence the panel efficiency. Studies further show that the panel thermal conductivity, the panel-pipe area ratio, and the panel cover influence the efficiency significantly [4] , [7] , [8] . However, the relative importance of these parameters is not clearly understood [8] , [9] .
Finally, the magnitude of heat convection and radiation at the panel surface is typically modelled by a heat transfer coefficient and a surface-indoor temperature differential [10] . The heat transfer coefficient is highly influenced by the orientation of the surface, surface emissivity, and air temperature and velocity [10] , [11] . Nonetheless, the modification of these parameters cannot be applied to general product optimization. Heat loss at the backside of the panel is identified as a critical parameter affecting the efficiency of the panel [1] , [5] , [9] .
The effect of the design parameters on the thermal performance of TAS has been studied. However, the combination effects of the aforementioned on the thermal performance of TAS systems are not well defined.
Methodology
This paper combines the Response Surface Methodology (RSM) [12] and the Finite Elements Method (FEM), in order to evaluate and rank the influence of the main design parameters on the thermal performance of Type-A TAS.
The methodology is similar to the one employed in [13] , [14] : 1) A set of models are designed using the BoxWilson Central Composite Design (CCD) method [15] . 2) The designed models are computed using an experimentally validated FEM model, and the response variables (heat flux inwards and heat loss outwards) are evaluated. 3) A multivariable regression model is used for relating the explanatory (design parameters) and the response variables, following the RSM. 4) The significance of the explanatory variables in the regression model is ranked utilizing the Pareto Analysis Technique [12] . 5) The combination of explanatory variables is optimized using the Desirability Function Approach [16] , maximizing and minimizing the heat flux inwards and heat loss outwards respectively. The studied case concerns a vertical radiant panel that can be attached to external walls in building renovation. The modelled panel is a standard hydronic embedded TAS (Type-A), in which a serpentine-layout piping is cast in a solid medium ( fig. 1a ). In the model, the pipe thermal resistance Rpipe and diameter Dpipe, and a pipe-panel thermal contact resistance Rcont are specified [5] . The pipe spacing Hpipe and panel thickness (a sum of the pipe diameter, and front Cfront and back Cback pipe cover) constrict the effective heat transfer area. The effective thermal conductivity of the solid medium Kpan dominates the conductive heat flux in the panel. The front side of the panel (facing indoors) is covered in some cases, which adds an extra variable defining the front cover thermal resistance Rcov. The front side heat transfer coefficient hind is the combination of the convection and radiation heat transfer coefficients, estimated from the literature [1] . The backside of the panel faces the building structure; the backside insulation is modelled as a thermal resistance Rins limiting the heat loss at the backside of the panel. Table 1 lists the design parameters (explanatory variables) and the computed values used for the CCD combinations (levels). The standard design values used for the experimental setup are also included (standard level). A steady-state 2-D FEM model of the TAS panel was set up using COMSOL Multiphysics. The model geometry and material properties are parameterized according to the previous description, and following the geometry shown in Fig. 1 .a. Table 2 lists the fixed parameters used in the FEM model, selected according to literature [1] , [5] .
Model tests were made to ensure that modelled temperatures are independent of the chosen level of temporal and spatial discretization. Furthermore, a time-dependent version of the model is validated to experimental data. 
FEM Model calibration
A laboratory-scale experiment was performed in order to validate the FEM model. The test entails the dynamic activation of two panels: commencing from an initial equilibrium condition at ambient temperature, the fluid (water) is circulated until the panels reach thermal equilibrium (Fig. 1b) . The experimental setup includes two Glass Fibre Reinforced Concrete (GFRC) modules. Each mix contains a different highly conductive addition (quartz or graphite powder) which changes the bulk thermal properties of the panel. The pipe is cast in the central section of the panel (panel thickness 26 mm).
A Thermal Response Test (TRT) apparatus is connected to the panels in parallel, ensuring a symmetric and constant fluid flow (3.0±0.2 l/min) at a stable inlet temperature (35±0.3 °C). Inlet and outlet temperatures (points 3, 4) are logged. Moreover, the temperatures at the pipe boundary and the centre of the panel (Points 1, 2) are measured. The test process takes 248 minutes. Effective injected power rates (power delivered at water level) of 60-45 W for the Quartz panel prototype, and 175-70 W for the Graphite panel configuration were registered. The range of values indicates that power rates drift from the initial to the thermal equilibrium state, in an exponentially decaying manner.
The thermal properties (thermal conductivity and volumetric heat capacity) of both prototypes were measured using the Dual Needle Heat Pulse method (DNHP), and the experimental values served as initial parameter values in the calibration. The flow-pipe convective heat transfer coefficient hflow and pipe-panel thermal contact resistance Rcont are calculated a priori [17] , and then compared to values estimated in the model calibration. The front-side heat transfer coefficient is calculated according to the method proposed in [5] , nevertheless a significant variation is expected as the geometry and indoor conditions are highly influencing [10] , [18] .
The model parameters (Table 3) are calibrated to the experimental data, using the Least Squares Method (LSM).
Response Surface Methodology
First, the model runs (combinatory of explanatory variables) are generated using the CCD, combining the variables and levels shown in Table 1 . The selected distribution has the form of 2(8-2)+star with 2 centre-points, giving a total of 82 runs [15] . Given the complexity of the problem, the evaluation is performed using a quadratic regression model (45+37 coefficients, for model and error fitting). The two responses: Heat flux inwards Qind and heat flux outwards Qback, are regressed separately using quadratic regression models. Finally, the simultaneous optimization of the two model responses is carried out using the Derringer and Suich Desirability Function Approach [16] .
Results and discussion

FEM Model calibration
The FEM model has been validated to experimental data. Fig. 2 shows modelled and observed temperatures for both prototypes: a) "1-Quartz", b) "2-Graphite". Table 3 lists the original and calibrated parameters, and the Sum of Squares (SS) for both fitted models. The models generally fit the data well, and the estimated parameters are consistent with a priori expectations. The measured temperatures in the experiments are highly sensitive to the panel thermal conductivity kpan, and the calibrated and measured thermal conductivity values are in close agreement (Fig. 2) . Nevertheless, the needle probe estimate of volumetric heat capacity Cvpan has revealed inconsistencies between the measured thermal properties of the concrete and the corresponding calibrated values. The calibration of the fluid-pipe convective heat transfer coefficient hflow and pipe-panel thermal contact resistance Rcont reveals a slight model sensitivity to variations on hflow, whereas Rcont is highly influential. This observation is in agreement with the difference in the order of magnitude of both coefficients: being hflow (10 3 ), and Rcont -1 (10 2 ). Therefore, hflow is excluded from the model calibration process, as it is already calculated according to the Nusselt number definition [17] . The model validation process has underlined the significance of the pipe-panel thermal contact resistance Rcont, which is generally assumed zero in the literature [1] , [5] .
Response Surface Methodology
A quadratic regression model estimates the relationship between explanatory and response variables. The goodness of fit of the regression models is verified using ANOVA, and key statistical indicators are displayed (Table 4) : Degrees of freedom (Df), Sum of Squares (SS), Mean Squares (MS), F-value (F), p-value (p), Correlation coefficient (R 2 ), and Standard Error of the Estimate (S). The analysis of variance indicates sufficient correlation and a good fit of the models to the synthetic data: R 2 adj values close to unity, p-values below 5%, and high F-ratios.
The standardized statistical influence of the model explanatory variables on both responses is ranked using the Pareto Analysis Technique (Fig. 3) . The analysis considers linear, two-factor and quadratic interactions.
The weighted influence of the explanatory variables in both responses fall into three categories: 1) the most influencing variables in the first and second quartiles, includes the panel thermal conductivity, backside insulation thermal resistance and pipe spacing; 2) the variables with an influence below the second quartile include the cover and the pipe thermal resistance; 3) the lower quartile, includes the front and back cover thickness and pipe diameter. The highly influential parameters are critical for the performance of the panels, whereas parameters such as the pipe diameter and front-back cover can be defined from additional design criteria (e.g. mechanical, construction etc.).
The results presented are in agreement with previous research [4] , [7] , [8] . Furthermore, the limited influence of the effective cross-sectional heat transfer area (pipe diameter and front-back cover thicknesses) on the responses is important for the design of thin-profile panels. However, in the former results steady-state conditions are assumed, and the dynamic behaviour of the TAS or HVAC systems is not considered. The Desirability Function Approach has been used to optimize the responses simultaneously. The admissible limits are 50 W/m 2 for the heat flux inwards (maximization) and 6 W/m 2 for the heat flux outwards (minimization), selected according to literature [1] , [5] . Changes in the limits will modify the shape of the null desirability areas (Fig. 4) . Figure 4 displays the desirability function plot for the combination of panel thermal conductivity kpan with: a) pipe spacing Hpipe; b) insulation thermal resistance Rins. The remaining variables are set to the standard levels (Table 1) .
Finally, the optimum parameter arrangement has been computed using the Desirability Function. Table 1 shows the optimized parameters under the column "optimized level": The optimal combination gives a desirability of 0.67, with an inwards heat flux of 120.7 W/m 2 and an outwards heat loss of 4.9 W/m 2 .
Conclusion
This study combines the FEM and the RSM, to explore the influence of the main design parameters affecting the thermal performance of embedded hydronic TAS. The FEM model validation reveals the importance of the pipe-panel thermal contact resistance for the calibration process. Additionally, the Desirability Function Approach forms the basis for a simplified decision-making tool, optimizing simultaneously the heat flux to the conditioned room and the heat loss through the insulation.
The results highlight the large impact of the backside insulation thermal resistance, panel thermal conductivity and pipe spacing on the thermal performance of the panel, whereas the surface cross-sectional area does not significantly influence the thermal performance of the panel. The study highpoints a large potential for utilizing highly conductive concrete in embedded hydronic TAS. However, research in highly conductive building materials is limited.
